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Recent spectroscopic observations of metal poor stars have indicated that both 7Li and 6Li have
abundance plateaus with respect to the metallicity. Abundances of 7Li are about a factor three
lower than the primordial abundance predicted by standard big-bang nucleosynthesis (SBBN),
and 6Li abundances are  1

20 of 7Li, whereas SBBN predicts negligible amounts of 6Li com-
pared to the detected level. These discrepancies suggest that 6Li has another cosmological or
Galactic origin than the SBBN. Furthermore, it could appear that 7Li (and also 6Li) has been
depleted from its primordial abundance by some post-BBN processes. We study the possibility
that the radiative decay of long-lived particles has affected the cosmological lithium abundances.
We calculate the non-thermal nucleosynthesis associated with the radiative decay, and explore the
allowed region of the parameters specifying the properties of long-lived particles. We also impose
constraints from observations of the CMB energy spectrum. It is found that non-thermal nucle-
osynthesis produces 6Li at the level detected in metal poor halo stars (MPHSs), when the lifetime
of the unstable particles is of the order  108  1012 s and their initial abundance with respect
to that of the photons is  10  13  10  12 GeV 

Eγ0, where Eγ0 is the emitted photon energy in
the radiative decay. We conclude that a combination of two different processes could explain the
lithium isotopic abundances in MPHSs. First, a non-thermal cosmological nucleosynthesis asso-
ciated with the radiative decay of unstable particles; and second, about the same degree of stellar
depletion of both primordial lithium isotopic abundances. If MPHSs experience 6Li depletion of
factor much greater than  3, the simple radiative decay process can not be the cause of large 6Li
abundances in MPHSs.
PACS: 26.35.+c, 95.35.+d, 98.80.Cq, 98.80.Es
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1. Introduction
In standard cosmology, the universe is thought to have experienced big-bang nucleosynthesis
(BBN) at a very early stage. D, T, 3He, 4He, 6Li, 7Li and 7Be are produced in appreciable amount
at this epoch. The Wilkinson Microwave Anisotropy Probe (WMAP) satellite has measured the
temperature fluctuations of the cosmic microwave background (CMB) radiation, and parameters
characterizing the standard big bang cosmology have been deduced [1, 2] from these data. For
the baryon-to-photon ratio η deduced from fits to the CMB, the BBN model predicts abundances
of the light elements which are more-or-less consistent with those inferred from astronomical ob-
servations. This agreement places significant limits on non-standard models which influence the
cosmic nuclear abundances.
In this regard, unstable massive particles decaying or annihilating during or after the BBN
epoch are strongly constrained [3 – 6]. These particle processes induce electromagnetic and/or
hadronic showers which lead to the destruction of preexisting nuclei and to the production of dif-
ferent nuclear species. In turn, these modifications to the light element abundances are used to
constrain theories for the decay of relic particles.
Spectroscopic lithium abundances have been detected in the atmospheres of metal poor stars.
Nearly constant abundances of 6Li and 7Li in metal-poor Population II (Pop II) stars have been
inferred [7, 8]. Spectroscopic measurements indicate that metal poor halo stars (MPHSs) have a
very large abundance of 6Li, i.e. at a level of about a twentieth that of 7Li. This is about three orders
of magnitude larger than the SBBN prediction of the 6Li abundance.
We calculate the nucleosynthesis triggered by the radiative decay processes of long-lived relic
particles. We take into account the primary, secondary, and tertiary processes resulting from the
electromagnetic cascade showers which both produce and destroy the light elements. We then
constrain the abundance of long-lived particles from the calculated nucleosynthesis. We do not
find, however, a simultaneous solution to both the 7Li and 6Li abundances unless there is stellar
destruction of lithium. We conclude that our model can explain the desired 6Li production by
non-thermal nucleosynthesis if there is stellar destruction of factor 
 3 for both lithium isotopes to
explain the observed 7Li [9].
2. Model
We assume the creation of high energy photons from the radiative decay of a massive particle
with a lifetime of 102 - 1012 s. See [4, 9] for details on the formulation which we adopt for
calculation of the non-thermal nucleosynthesis triggered by the high energy non-thermal photons.
We assume that the decaying dark particle is non-relativistic, and almost at rest in the expand-
ing universe. We denote the imaginary particle by X , with a mass MX and a life τX that decays
into a photon plus another dark-matter particle. We represent the emitted photon energy by Eγ0 and
define ζX  n0X  n0γ  Eγ0, where  n0X  n0γ  is equal to a number ratio of X to photon before X-decay.
When an energetic photon emerges, it interacts with the cosmic background and induces an elec-
tromagnetic cascade shower. The faster processes are pair production through background photons
γbg (γγbg  e  e  ) and inverse Compton scattering of produced electrons and positrons through
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the non-thermal photon spectrum realizes a quasi-static equilibrium. The non-thermal photons ex-
perience additional processes including: Compton scattering (γebg  γe ); Bethe-Heitler ordinary
pair creation in nuclei (γNbg  e  e  N); and double photon scattering (γγbg  γγ). These slower
processes further degrade the quasi-static equilibrium photon spectrum.
This non-thermal photons might interact with background nuclei and different nuclear species
are produced. The primary reactions and their cross sections we used are taken from [4]. If the
photo-dissociated light nucleus of a primary reaction has enough energy to induce further nuclear
reactions, then secondary or tertiary processes are possible. The energy loss rates of nuclear species
while propagating through the background are taken from [6]. We also take into account the de-
struction of D, T,3He and 6Li after primary production by abundant background nuclides. And the
relevant processes in the secondary non-thermal production of 6Li involve interactions of back-
ground 4He with primary tritium and 3He particles. We have taken into account these two reactions
with their cross sections from [4].
3. Observations of Light Element Abundances
3.1 Light element abundances
The primordial abundances of D, 3He, 4He, and 7Li are inferred from various observations.
Here, we summarize our adopted constraints. See [9] for references of observational data.
1  4  10  5  D

H  5  2  10  5 (3.1)
3He

H  3  1  10  5 (3.2)
0  232  Y  0  258 (3.3)
1  1  10  10  7Li

H  7  1  10  10  (3.4)
6Li has also been measured in MPHSs by spectroscopy. In [8], 6Li was detected at a better
than two sigma significance in nine of the 24 stars observed. They suggest that a 6Li plateau
exists at logε6Li  0  8. Because the SBBN predicts much less abundance of the primordial
6Li
(6Li/7Li 
 10  5), some mechanism should have produced almost all 6Li in MPHSs. Since multiple
processes have possibly synthesized 6Li at an early epoch [10, 11], we do not put limits on the
primordial abundance of 6Li. However, we adopt the average value of the abundance derived from





6  6  10  12  (3.5)
3.2 Cosmic microwave background anisotropies
Very precise data have been obtained by observations of the spectrum of temperature fluc-
tuations in the CMB. The WMAP data have been analyzed and the energy density of baryons
in the universe has been deduced, which leads to Ωbh2  0  0224  0  0009 for the WMAP first
year data [1] in the running scalar spectral index model. We adopt a corresponding value of
η

6  1  0  3

0  2   10 
10
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2  60  0  19







1  04  0  04

 10  5 (3.7)
Y






4  15  0  49





We have calculated [9] the cosmological nucleosynthesis including the SBBN and non-thermal
nucleosynthesis induced by the radiative decay of a long-lived particle. The SBBN was computed
using the Kawano code [13] with the use of the new world average of the neutron lifetime [14]. We
checked the effect of secondary destruction of the primary non-thermal nuclides. We confirmed





), since the time scale of the Coulomb loss for the non-thermal nuclides
is much smaller than those of the destruction reactions.
We have derived the constraints on the lifetime τX and abundance parameter ζX from the
adopted limits for the cosmological light element abundances. Our result is very similar to that
of [4], since we use the same formulation for non-thermal nucleosynthesis and adopt their es-
timated cross sections. A detailed explanation has been given in [4] for the systematics of the
radiative decay. Fig. 1 shows the derived constraint on τX and ζX for an unstable particle from the
above consideration of the light element abundances in a model with η

6  1  10  10. The 3He
overabundant region is shaded by the dark gray, and the rest of the excluded region the light gray.
The light colored region is fixed largely by the deuterium underproduction. For τX  106 s, 3He pro-
vides the strongest limit on the abundance parameter, while for shorter lifetimes (τX 
 104 ! 106 s)
the limits are from D, implying ζX " 10  9 GeV.
5. Discussion
5.1 Distortion of the CMB spectrum
Since non-thermal photons produced by the radiative decay deform the blackbody spectrum
of the CMB, this is limited by the consistency of the observed CMB data with a blackbody spec-
trum [15, 16]. For epochs earlier than z 
 107, thermal bremsstrahlung, [i.e. free-free emission
(eN

eNγ), where N is an ion] and radiative-Compton scattering (e  γ

e  γγ) act effectively to
erase any distortion of the CBR spectrum from a blackbody. For the decay in epochs 105  z  107,
processes changing the photon number become ineffective, and Compton scattering (γe 

γe  )
causes the photons and electrons to achieve statistical equilibrium. Then, the photon spectrum
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Figure 1: Gray regions identify the excluded area in
the parameter space (τX ,ζX ) for models with a fixed
value of η ' 6 ( 1 ) 10

10
. The dark gray region is ex-
cluded by an overabundance of 3He, whereas the light
shaded region is mostly excluded by an underabun-
dance of deuterium. The black shaded region super-
imposed shows the region excluded by the consistency
requirement of the CMB with a blackbody. The curved
line identifies the contour of 6Li

H ' 6 ( 6 ) 10  12,
corresponding to the abundance of 6Li observed in
MPHSs. The region above the contour and below the
nucleosynthesis and CMB constraints is allowed and
abundant in 6Li. This figure is taken from [9].
Figure 2: Ratio of calculated 6Li/H abundances (af-
ter the non-thermal nucleosynthesis) to the observed
abundance in MPHSs as a function of τX . Results
in the allowed parameter region of (τX , ζX ) produc-
ing 6Li/H larger than the value found in MPHSs, or
the marked region “6Li” in Fig. 1 are plotted. The
horizontal line indicates a factor of three overproduc-
tion of 6Li relative to the observed MPHS value of
6Li/H ' 3 ) 6 ( 6 ) 10  12. The large circles denote val-
ues in the allowed region with abundances of 3He/H '
1 ( 3  2 ( 5 ) 10  5 and 6Li/H * 3 ) 6 ( 6 ) 10  12. The
other parameters sets are indicated by small squares.
This figure is taken from [9].
where µ is the dimensionless chemical potential derived from the conservation of photon number.
Analyses of the CMB data suggest a relatively low baryon density so that radiative-Compton scat-
tering dominates the thermalization process. For small energy injection from the radiative decay,
the chemical potential can be approximated analytically [15].
For a late energy injection at z  105, Compton scattering produces little effect and cannot
establish a Bose-Einstein spectrum. The distorted spectrum is then described by the Compton y
parameter. There is a relation between y and the amount of the injected energy, ∆E

ECBR  4y,
where ∆E and ECBR are the total energy injected and the CBR energy, respectively.
The CMB spectrum has been well measured and the deduced limits are + µ +  9  10  5, + y + 
1  2  10  5 [17] and Ωbh2 
 0  022 with h 
 0  71 [1]. Therefore, the high abundance parameter
region of ζX is excluded by the µ and y limits. In Fig. 1 the black shading indicates the parameter
region excluded by the CBR distortion limit. For a lifetime shorter than τX  4  1011 s Ωbh2 

8  8  109 s, the decay is constrained by the chemical potential µ . On the other hand, when an
unstable particle decays later, the CBR spectrum is limited by the Compton y parameter. The
parameter region of relatively long lifetime (1010 s  τX ) is constrained by the CMB spectrum
more strongly than the light element abundances.
5.2 Parameter region consistent with 6Li in MPHSs
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non-thermal process while having almost no effect on 7Li or other nuclides produced in the SBBN.
Ellis, Olive & Vangioni studied the possibility that the radiative decay of unstable particles explains
the discrepancy of the BBN calculated 7Li abundance and low 7Li plateau derived from observa-
tions [18]. They found that in the parameter region where 7Li is photo-dissociated down to the
level of the 7Li plateau, either the D abundance was too low or the ratio 3He/D was too large in the
context of standard stellar evolution and chemical evolution. They concluded that radiative particle
decays cannot be a cause for the 7Li abundance difference. They also mentioned the possibility of
6Li production in their paper.
Uncertainties remain in estimations of the Li abundance in stellar atmospheres, and the prob-
ability of depletion in stars has not been excluded. Therefore, we suppose that the discrepancy
of the 7Li abundance is caused by stellar depletion or some other systematic effect. Then the 6Li
abundance in the early universe should have been larger when first engulfed in a star than the
value presently deduced from observations of MPHSs. Assuming that is the case, we impose the
following constraint on the 6Li abundance after the radiative decay process,
6Li

H , 6  6  10  12  (5.2)
In Fig. 1 the contour of the lower limit (5.2) is shown by a solid line below the CMB constraint.
Hence, a 6Li-producing allowed parameter region certainly exists for τX  108 ! 1012 s and ζX 

10  13 ! 10  12 GeV. The parameter region allowed by the above constraints which also produces
abundant 6Li is marked as “6Li”.
We have analyzed this parameter region to see the possibility of realization. We pick up a
model calculation with input parameters of τX  1  1010 s, ζX  3  10  13 GeV and η  6  1 










2  48  10  5 (5.4)
Y











4  36  10  10  (5.7)
These are certainly consistent with the constraints we adopted in Sec. 3.1. The abundances
of 3He and 6Li with respect to the SBBN abundances increase. The non-thermal 6Li production
inevitably brings about the production of 3He, and this gives a strong constraint on the possible
parameter space of unstable particles [6, 9, 18].
If the inconsistency between the 7Li abundance predicted by SBBN and that measured from
MPHSs is caused by stellar depletion, 6Li would have existed in the primordial gas at a level larger
than the abundance observed in MPHSs by at least the ratio of the SBBN 7Li/H prediction to
the mean value observed in MPHSs. The observed 7Li/H abundance [8] is 7Li/H 
 1  62  10  10.
Hence, this factor is 
 3. So 6Li should have been originally produced at an abundance more than
about 3 times the presently observed value.
We have analyzed the upper limit to the 6Li abundance resulting from the radiative decay
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6Li abundances are plotted as a function of τX . Points on this figure are allowed by the constraints
imposed above and lead to 6Li abundances above the level observed in MPHSs. The vertical
scale is 6Li/H normalized to the mean 6Li/H abundance in MPHSs (6Li/H)MPHS. The horizontal
line indicates a factor of three enhancement in 6Li. The large circles are for cases with more
than three times as abundant 6Li as the level found in MPHSs. Here, we adopt the one sigma
3He/H=

1  9  0  6

 10  5 [19] as an extra constraint. We note that, in a case adopting a tighter
constraint 3He/H 

1  6  0  3

 10  5 [20], one can still find an allowed region of τX  3  1010 !
3  1011 s which satisfies the same constraint imposed on the 6Li abundance. The small squares
are for the other case of Eq. (3.2).
This figure confirms that 6Li/H abundances as large as those in MPHSs multiplied by the
ratio (7Li/H)/(7Li/H)MPHS can be produced by non-thermal nucleosynthesis without significantly
impacting the other nuclide abundances. Although this explanation could resolve the discrepancy
between the SBBN predicted 6Li abundances and those derived from observations, it cannot re-
solve the so-called lithium problem. This scenario necessarily requires some model for the stellar
depletion of 6Li and 7Li. Indeed, as discussed in [8] and references therein, models exist which
suggest a very large depletion factor of 6Li along with some 7Li depletion. The production of 6Li
by radiative decay cannot explain the observed abundances of both 6Li and 7Li, if the stellar deple-
tion proceeds as described by that model. However, approximately equal amounts of depletion for
both lithium isotopes can explain the measured abundances when combined with the non-thermal
production of 6Li [9]. As for the case including the hadronic decay process [21], it has been found
that such particle decay could simultaneously solve both the 6Li and 7Li problem, even if a possible
degree of depletion is included.
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